Abstract: The implication of the original alanine 63 (Ala63) and the unique cysteine 306 (Cys306) residues in the thermostability of the Streptomyces sp. SK glucose isomerase (SKGI) were investigated by site-directed mutagenesis and homology modelling. The Cys306 to Ala mutation within SKGI dramatically affected its thermal stability by decreasing the half-life from 80 to 15 min at 90
Introduction
Studies focusing on the molecular basis for the thermostability of enzymes derived from hyperthermophiles have revealed an array of subtle contributing factors, including larger hydrogen bonding and ion pairing networks, additional inter-subunit interactions in oligomeric proteins, decreased labile amino acid content, and smaller loops (Ladenstein & Antranikian 1998; Petsko 2001) . These factors can often be identified by comparing the structures of homologous enzymes with varying degrees of thermostability (Danson & Hough 1998; Nordberg Karlsson et al. 2008) . However, the extent to which these individual factors contribute to thermal stability is highly specific to particular enzymes (Lebbink et al. 1999) . A potential contributing factor to enhanced thermostability that should be examined in more detail is the role of inter-subunit interactions in stabilizing oligomeric enzymes from thermophile species.
Glucose isomerase (GI) (d-xylose ketol isomerase, EC 5.3.1.5) converts d-xylose to d-xylulose in vivo, but it also converts d-glucose to d-fructose in vitro (Takasaki et al. 1969) ; hence its use for the commercial production of high fructose corn syrup (Bentley & Williams 1996; Bhosale et al. 1996) . Thermostability and thermoactivity are crucial features for any glucose isomerase intended for industrial production of high fructose corn syrup. In addition to that, it would be profitable to use glucose isomerases acting at acid pH to prevent browning reactions of sugars at higher temperatures (Bucke 1983) . Although many GI structures are available, the structural basis for thermostability of most thermostable GIs is not fully understood.
Due to the availability of structural information and the high level of industrial interest in their use, GIs from a number of bacterial sources have been studied in detail. Such studies have resulted in the sequencing of a considerable number of genes encoding these enzymes, available from GenBank (Benson et al. 2009) , and have produced several crystal structures for xylose isomerases (Jenkins et al. 1992; Chang et al. 1999; Karimaki et al. 2004 ). In addition, their catalytic mechanism has been investigated (Asbóth & Naray-Szabó 2000; Katz et al. 2006 ) and approaches to improving their thermostability have been explored (Quax et al. 1991; Meng et al. 1993; Zhu et al. 1999) . Hence, relatively few structural features of glucose isomerases have 846 M.A. Borgi et al. been conclusively linked with thermostability and much remains to be learnt about stabilization mechanisms. The challenge consists of implementation of acidotolerant enzymes that perform the isomerization process at 85 to 95
• C, which permit the direct production of 55% fructose syrups (without the last chromatography step). More studies on structural characteristics of GI thermostability are necessary.
The GI isolated from the thermophile Streptomyces sp SK (SKGI) is a homotetramer containing a unique cysteine residue per monomer. Due to its high thermostability and acidotolerance, the SKGI is an attractive enzyme for industrial uses (Belghith et al. 1998 ). In the setting of the undertaken works, that aim to understand mechanisms and features of SKGI thermoresistance and acidotolerance, we have previously evidenced the implication of the residue Ala103 in the physicochemical and kinetic properties of the SKGI and all GIs from Streptomyces (Borgi et al. 2004 (Borgi et al. , 2007 . The presence of an alanine 63 residue within SKGI seems to be interesting, sine all known GIs from the genus Streptomyces have a serine residue at the same position. This observation supposes a putative role for the residue Ala63 in the SKGI properties. Otherwise, many reports considered cysteine residues as a source of instability inside proteins (Vieille & Zeikus 2001) . Elsewhere, these residues were sited to be a contributing factor for enzyme stability.
The present work constitutes an attempt to investigate the importance of Cys306 and Ala63 residues in the thermal stability of SKGI, by site-directed mutagenesis. We used homology modelling procedure and electrophoretic analysis to show the role of Cys306 in secondary structures interactions. We also discuss the important role of Ala63 residue as a contributing element to the enzyme thermostability.
Material and methods
Bacterial strains, plasmids and media Escherichia coli Xyl− mutant HB101 (F− hsdS20 ara-1 recA13 proA12 lacY1 galK2 rpsL20 mtl-1 xyl-5) was used in this work as host strain and for the production of the recombinant GI. pBSK3 is the recombinant plasmid carrying xylA SK gene. pBMA4 and pBMA7 (this work) are the recombinant plasmids carrying xylA-C306A and xylA-A63S mutated genes, respectively. Culture of different E. coli strains, harbouring wild-type (WT) and mutated genes, was done in Luria Bertani medium (Sambrook et al. 1989) . McConkey agar medium from Sigma (Steinheim, Germany) was used for the selection of colonies having GI activity. The antibiotic ampicillin was used, when necessary, at 100 µg/mL.
Preparation of crude extracts E. coli strains, harbouring the different constructions, were grown in Luria Bertani medium with ampicillin (100 µg/mL). Cells were harvested by centrifugation at (7,500×g, 10 min) and the pellets were suspended in Tris-HCl buffer with 10 mM MgCl2 and 1 mM CoCl2. Then the cell suspensions were incubated for an hour on ice in presence of 5 mg/mL lysozyme, 100 mM phenylmethane-sulfonyl fluoride and 2 µg/mL pepstatin A. Cell disruption was carried out by sonication at 4
• C for 6 min (pulsations of 3 s, amplify 90) using a Vibra-Cell TM 72405 Sonicator and cell debris were removed by centrifugation at 30,000×g for 30 min at 4
• C. Protein extracts were finally heat-treated at 70
• C for 20 min and centrifuged, in order to discard thermolabile proteins.
Protein quantification and electrophoresis
Protein concentration was determined using Bradford's method with bovine serum albumin as the standard (Bradford 1976). The semi-purified samples of the enzyme were migrated in 10% SDS-polyacrylamide gel electrophoresis under non-reducing condition, according to the method of Laemmli (1970) . Protein bands were visualized by Coomassie brilliant blue R-250 (Biorad) staining.
Enzyme assays
The enzyme activity towards D-glucose as a substrate was assayed in a reaction mixture containing the enzyme with 100 mM MOPS, 10 mM MgCl2, 1 mM CoCl2 and 15% (w/v) D-glucose, in a volume of 1 mL. In standard condition, assays were incubated for 15 min at the desired temperature and then the reaction was stopped by cooling the tubes on ice. The fructose formed was quantified by the cysteine-carbazole sulfuric acid method (Dische & Borenfreund 1951) . One unit of GI activity is defined as the amount of enzyme needed to produce 1 µmol of product per min under the assay conditions.
Thermostability study
The enzyme preparations were incubated at the temperatures of interest in the presence of 100 mM MOPS, 10 mM MgCl2, 1 mM CoCl2 for different periods of time. Samples were withdrawn and stored on ice until the residual activity was determined under the conditions described above.
PCR, sequencing and construction of mutant GIs PCR was carried out in a DNA thermal cycler (Applied Biosystems). The amplification reaction mixtures (50 µL) contained Tfu (Turbo DNA polymerase-Appligene) amplification buffer, 10 mM (NH4)2SO4, 100 ng of each primer, 200 ng of DNA template, and 2 units of enzyme. The cycling parameters were 94
• C for 5 min, followed by 40 cycles of 94
• C for 30 s, 60
• C for 60 s, and 72
• C for 120 s. PCR products were purified after electrophoresis in 1.4% (w/v) low melting temperature agarose gel (NuSieve GTG Agarose).
SKGI-Cys306Ala mutant enzyme was generated using the coding sequence for the WT gene as template, and mutation was introduced through PCR-based site-directed mutagenesis. Hence, two non-mutagenic external primers and two complementary internal primers containing the desired mutation were designed. The mutagenic primers are oligonucleotides B (5'-GCCTCCGCGGCCGGCGCCATGCGCA ACTAC-3') and C (5'-GTAGTTGCGCAT GGCGCCGGC CGCGGAGGC-3') (bold and underlined nucleotides are the mutation sites). The external PCR primers are oligonucleotides A (5'-CAGCAAGGAGCCGC GCCATGAGCTAC-3') and D (5'-CCGGTCACGCGCGCGTGGGCGTCAGCC-3'). In two separate PCR reactions, the AC and BD fragments were amplified with primers A and C in one reaction and primers B and D in the second one. The two PCR fragments were extracted separately and then a third amplification was carried out on a mixture containing AC and BD fragments in the presence of primers A and D.
To generate the SKGI-Ala63Ser mutant, we used the same external PCR primers as the SKGI-Cys306Ala mutant and the two following mutagenic primers (5'-GATCCCCTTCGGGAGCTCCGACACCGAG-3') and (5'-CTCGGTGTCGGAGCTCCCGAAGGGGATC-3') (bold and underlined nucleotides are the mutation sites).
The mutated DNA fragments were purified and cloned into pUT57 vector as described elsewhere (Rhimi et al. 2006) , then transformed into HB101 strain. Transformants were plated on McConkey medium supplemented with 1% (v/v) xylose. The obtained red colonies (complementing the E. coli xyl-5 mutant strain HB101) were retained for analysis. The presence of mutation was checked on both strands by the BigDye Terminator v3.1 Cycle Sequencing Kit and the automated DNA sequencer ABI Prism 3100-Avant Genetic Analyser (Applied Biosystems).
Structural model construction SKGI-Cys306Ala and SKGI-Ala63Ser mutant sequence alignment with that of xylose isomerase derived from Streptomyces olivochromogenes (PDB code: 1MUW) was made using BLAST (Altschul et al. 1997 ) and CLUSTAL W programs (Thompson et al. 1994) . Seeing the founded high sequence identity of 95%, we have generated the threedimensional model for SKGI mutants based on the crystal structure of the S. olivochromogenes xylose isomerase by using the Geno3D server (Combet et al. 2002) . Images were generated using TURBO-FRODO and DS-Visualizer (Roussel & Cambillau 1992) .
Results
Effect of the Cys306Ala mutation on the SKGI thermostability With the aim to investigate the putative role of the unique Cys306 residue in the properties of SKGI, we have constructed the Cys306Ala SKGI mutant. The comparative study of physico-chemical properties of SKGI and the newly generated enzyme SKGICys306Ala showed that the mutation dramatically impaired the SKGI thermal stability. As shown in Figure  1A , the mentioned replacement strongly affected the thermostability profile of the enzyme, particularly at 90
• C, where the mutant SKGI-Cys306Ala exhibited a half-life time of only 15 min instead of 80 min for the WT. At 85
• C, the half-life of the mutated enzyme was approximately 150 min; the time during which the WT enzyme still keeps its entire activity (Fig. 1B) . These results revealed the crucial role of the unique cysteine residue in the SKGI thermal stability.
Thermoinactivation kinetic of the SKGI-Cys306Ala
The unexpected thermo-sensibility of the generated mutant suggested that the mutation could affect the structure organization of the enzyme. Hence, we have followed the thermo-inactivation kinetics of SKGI and its mutant derivative SKGI-Cys306Ala. To do so, WT and mutant enzymes were purified and incubated at 85
• C during different period times. Samples were than co-migrated under non-reducing conditions. Figure 2 shows that the untreated WT and mutant GIs exhibited exactly the same electrophoretic profiles, with two distinct bands, presumably the tetramer (180 kDa) and the dimer (90 kDa) with higher intensity. During heat treatments, we clearly noted that the SKGI strictly kept the same electrophoretic profile, similarly to the untreated enzyme. Concerning the mutant SKGICys306Ala, we could discern two changes in its electrophoretic profile. The first one is the apparition of an additional band, having a molecular mass of approximately 43 kDa, which corresponds to the monomer state of the enzyme. The second one is the disappearance of the band presumed to be the tetramer. These results are in accordance with the fact that the Cys306Ala mutation obviously affected the oligomeric assembly of the SKGI monomers, especially at high temperatures.
Otherwise, the SKGI and SKGI-Cys306Ala enzymes exhibited approximately the same pH profiles of 6.5 (data not shown). The survey of the enzyme activity showed a similar optimal temperature of 85
• C for both enzymes. At 90
• C, the mutant GI keeps solely 40% of its maximal activity, compared to 85% for the WT (Fig. 1C) . This result strengthens the statement that the residue Cys306 is implicated in the enzyme thermostability by maintaining the tetrameric active form.
Effect of the Ala63Ser mutation on the SKGI thermostability The inspection of SKGI amino acid sequence reveals that the Ser63/Ala is an original substitution. In fact, as far as we know, no GI sequence from genus Streptomyces was reported with an Ala at position 63, except that of S. diastaticus. Such event supposes an important role of this residue in the attractive properties of SKGI. In order to investigate this hypothesis, we have generated the Ala63Ser mutant. The characterisation of the mutated and WT enzymes showed that the mutation decreased the half-life of the enzyme from 80 to 65 min at 90
• C (Fig. 1A) . However, this substitution does not affect the pH profile and optimal temperature of the enzyme.
Discussion
The thermoactive structure of the GI from the thermophile Streptomyces sp. SK corresponds to the homotetramer state (Borgi et al. 2004 ). The enzyme SKGI has a maximal activity at 90
• C and pH 6.5. It therefore presents a great interest for the high fructose corn syrup industry (Belguith et al. 2002) . The significant effects of the mutation Cys306Ala on SKGI thermal stability as well as on its electrophoretic profile during thermal treatment are in agreement with the essential role of Cys306 in the stability of the SKGI active structure. In order to gain further insight on this issue and to under- Fig. 3 . Overview of the generated SKGI tetramer model built using 1MUW structure. Ser63 residues are highlighted in red.
stand the effect of this mutation at molecular level, we have constructed a three-dimensional model for SKGICys306Ala mutant enzyme. The obtained model displayed a tetrameric arrangement composed of two distinct dimers (yellow-green) and (blue-pink) (Fig. 3) . Notably, the longest helix α6 (296-322) contains the Cys306 in each monomer. Inspection of the position of the earlier amino acid demonstrates that it could contribute to the stabilization of the monomer architecture by reinforcing the interaction between the globular and flexible domains (Fig. 4) . Indeed, the Cys306 may establish strong hydrogen bonds with Arg259 and Arg284, as shown in Figure 4B . In case of the substitution of the Cys306 with Ala, these hydrogen bonds will not exist and thus decrease the interactions between the two domains. Simultaneously, this will increase the flexibility of the flexible domain, which is involved in the interaction with the other monomers inside the tetrameric structure (Figs 3 and 4A ). These observations could be linked to the recent work of Xu et al. (2009) , where the authors studied the importance of the residue Arg258 (the equivalent of Arg259 inside SKGI) in subunit interactions. This residue was shown to form ion-pairs with Glu372 and Asp375, which is in favour of enhanced thermostability of thermophilic GIs.
These results may explain the decrease of the thermostability of the Ala306 mutant when compared to the WT protein. Furthermore, these data were confirmed by analysis of the electrophoretic profile of the WT and mutant enzymes, which showed that mutated protein was rapidly dissociated by heat treatment more than the WT enzyme (Fig. 2) . This reinforced again what was proposed suggesting the implication of the Cys306 on the thermostabilization of the enzyme.
The obtained results are in agreement with the (α10) and Arg259 (located on the loop between β9 and α8). The mutation of Cys306 to Ala will remove these hydrogen bonds thus promoting the destabilization of the enzyme structure.
work of Segura et al. (2005) who reported on the implication of the residue Cys439 in the oligomeric state of betaine aldehyde dehydrogenase from Pseudomonas aeruginosa. Moreover, it was pointed out that Cys295Ala mutation affected the inter-subunit interactions of phosphofructokinase-2 from Escherichia coli (Caniuguir et al. 2005) . The work of Li et al. (2005) also disclosed that the two substitutions Cys33Ala and Cys69Ala within the human soluble catechol Omethyltransferase destabilized the enzyme framework and the mutants were less thermally stable compared to the WT. The stability of oligomeric structure of GIs is not restricted only to the level of inter-subunit interactions. In fact, Epting et al. (2005) have studied the important role of divalent metal cations Mg 2+ and Co
2+
on the structural thermostability of GIs. In our case, Mg 2+ and Co 2+ metallic ions were added to the enzyme extracts at optimal concentrations of 10 mM and 1 mM, respectively. In the same context, Hartley et al. (2000) showed that the high thermostability of GIs is due to tight binding of divalent metal ions at site 1, of which Co 2+ binds most strongly than Mg 2+ or Mn 2+ . The work concluded that the metal-enzyme conformation differs from that of apoenzyme (having much lower thermostability), and supported the viewpoint that attempts to increase thermostability should be addressed to stabilizing the metal-enzyme conformation.
Otherwise, several reported works supposed that the presence of cysteine residues could be a contributing factor for protein thermoinactivation. In fact, oxidation of thiol groups of cysteine residues (Daniel et al. 1996) may lead to the inactivation of the GIs. Nevertheless, the high thermostable GIs derived from Thermus thermophilus, Thermus caldophilus and those from several Streptomyces species (available from GenBank; Benson et al. 2009 ), have each a cysteine residue at the equivalent position. Moreover, the highest thermostable GIs reported until now, those from Thermotoga maritima and Thermotoga neapolitana, have cysteine residues at positions 97, 106 and 165. These amino acids were not reported to be a source of instability at high temperatures, inside these enzymes.
Taking into account these observations, we can suggest that the advantageous or the negative effects of cysteine residues inside GIs are intimately related to their position within the enzyme core. In the case of SKGI enzyme, we suppose that the Cys306 residue is embedded in the interior of the tetrameric structure. Even so, it could be not hired in its thermostability.
Concerning the Ala63Ser mutation, the analysis of the constructed model showed that this substitution is located in the loop (59-64) which is exposed at the surface of the protein. Therefore, the substitution of the Ala63 with Ser will increase the hydrophilic character of this region, thus affecting the stability of this loop. This is confirmed by the role of the Ala63 in case of the WT protein, which participates with its hydrophobic character to the stabilisation of the loop (59-64) and thus contributing to the enzyme stabilization. Such observations were reinforced by the fact that even on the monomer or on the tetrameric structure, these loops are exposed to the solvent suggesting that they contribute to the destabilization of the protein structure essentially at high temperatures (Fig. 3) .
This work is an attempt to understand the mechanism of thermo-resistance of SKGI enzyme. The results presented are in accordance with the involvement of the unique cysteine 306 residue in the structure stabilization of the SKGI against higher temperatures. This is the first report on the implication of a cysteine residue in thermostability of GIs. It also bring data for the role of alanine 63 residue in the protection of external area of SKGI, which makes it more resistant to heat treatment. Surely, it is improbable that any one universal stabilization mechanism is responsible for thermostability. The understanding of the molecular determinants for thermal stability is continually improving and will help in more rational engineering of future thermostable enzymes.
